It is known that elevated temperature can considerably reduce life expectancy of metallized polymer film capacitors. For film capacitors in service, both application of a time-varying external voltage and the extinction of internal breakdown events can deposit significant heat onto the capacitor structure leading to an undesirable temperature rise. Often such heat generation is also localized spatially and the resulting temperature gradient enhances the probability of subsequent breakdowns, To gain an understanding, a numerical model is developed to simulate the dynamics of heat generation and transfer under the switching impact of an external DC voltage. Thermal processes in solids (polymer layers, electrode coating, and zinc-spray segment) are modelled with conduction mechanism, whereas convection mechanism is considered for silicone oil and air. Heat generation is induced by ohmic losses of the externally applied electric field, which can be calculated from an equivalent circuit model recently developed for metallized film capacitors. Thus the heat transfer model interfaces with the equivalent circuit based field calculation modeL Based this electrothermal model, numerical examples are used to study temperature distribution within film capacitors and then to examine the likelihood of localized temperature hot-spots that may lead to spatially preferential breakdowns.
Introduction:
There has been significant progress in the technology ofmetallised polymeric film capacitors over the past 20 years [l] [2]. One of main drivers in the field is higher energy density with increasingly reliability. Recent innovations in ageing analyses are introduced for predicting capacitor performance and fault tolerance[ 31. Thermal ageing is one of main failure mechanisms in polymeric film capacitors [2] . In the 40 -65°C range, experimental data in [3] shows that the life of the metallized film capacitor is decreased by a factor of 2 for every 8°C of temperature increase. This highlights the need to gain a thorough understanding of heat generation and temperature distribution for the film capacitor performance. In this paper, an electrothermal model is developed to study the evolution of temperature distribution in DC metallized polymer film capacitors under different heat generation conditions. Both heat conduction and convection mechanisms are considered. Heat generation is induced by ohmic losses of the externally applied electric field or the internally breakdown events. Numerical computations are then used to assess localized temperature hot-spots on the surface of the metallized films.
2.
A DC metallized polymer film capacitor typically consists of a few thousand flattened polymer layers Problem definition and its model: stacked together and immersed in an impregnation medium in the packaging case unit. As shown in figure 1, each fattened polymer layer is coated on one side with thin metallic coating. The metallic coating has one of its side edges connected to an electrode terminal and other insulated with side margin. The side margin is filled up by the impregnation medium. Side margins are on alternating sides of the stacked polymer layers so that the metallic coatings are connected alternatively to two external electrode terminals. As a first step, we consider a simplified one-layer film capacitor model to allow a one-dimensional simulation of the thermal evolution in film capacitors. Furthermore, we assume that the polymeric films on the top and bottom of the thin metallic coating and the impregnation medium in the winding gap are perfect thermal insulators. The metallic coating is connected to zinc-spray at both ends with the margin side filled up by impregnation medium. The far end of both zincsprays was interfaced with impregnation medium. We also assume that heat flow is directed outwards to air through the vertical plate of the packaging case at the far ends of both impregnation medium sections. The thermal model structure is illustrated in figure 2. Zinc is a good conduction material and the length of the zinc spray, L,,, is a variable depending on conditions of heat generation. For instance, L,,* is equal to the thickness of the polymer layer if the heat generation is induced by externally applied electric field, in which case each layer will be assigned to an identical temperature distribution.
Consequently the thermal potential difference for all the metallic layers connected to the same zinc-spray is the same. The heat path for the zinc spray entirely depends on the distance between the adjacent metallic layers. On the other hand, 15,,~ is equal to the thickness of the capacitor unit if the heat generation is induced from internal breakdown discharges. The impregnation medium is assumed as silicone oil, and temperature-dependent properties of all materials used in film capacitors are assumed unchanged in the timescale considered here. This assumption is reasonable as shown in the stability test to International Electrotechnique Commission (IEC) requkments [4] . The maximum temperature change in the internal and external capacitor unit under the stability test was below 10°C. A temperature change of 10°C in the range from 20 to 70°C does not alter significantly the material properties used in film capacitors [6] . Ohmic losses induced heat generation can be calculated from an equivalent circuit model recently developed for metallized film capacitors [5] . This facilitates an interface between the heat transfer model and the equivalent circuit based field calculation model.
Heat transfer processes can be classified into three basic types, namely conduction, convection and radiation [6] . The radiation energy exchange between two surfaces of finite size area, A, is given by [7] where h, =4~aT,3 is called the radiation heat transfer coefficient. Q and E is the Stefan-Boltzmann constant and emittance of the surface respectively. TI and T2 is temperature for two surface areas. T, is the mean of T, and Tz. Thermal resistance is defined as the total heat flow thought a unit with a thermal potential difference. For conduction, the thermal resistance is given by [6] s=Ah,V1-T2)
where k is the thermal conductivity of a unit material with a distance, Ax and a cross section area, A. For convection, the thermal resistance is defined as [6] 
Consider a cubic volume material with the side length of lm, which has two opposite surfaces with temperature equal to 3 10K and 300K respectively. The thermal resistance due to conduction and radiation can be estimated using eqs. The thermal resistance calculation for the heat radiation is an overestimate because of the blackbody assumption. In practice heat transfer by conduction for polypropylene (PP) and by radiation are likely to be negligible compared with the heat conduction in metallic sections. Based on the empirical relations for free convection in [8] and data in [6] [8], the heat transfer processes by the free convection mechanism for the silicone oil and air in the typical film capacitor is also negligible. As a result, we only consider the heat conduction mechanism in our thermal model. Based on the above assumptions, the thermal model is illustrated in figure 3a where the solid arrow indicates the heat flow in this one-dimensional thermal model. The more realistic heat flow should be that indicated by the dash arrows in figure 3a . This allows us to modify our thermal model to allow precise heat flow as shown in figure 3b in which the zinc spray section extended from electrode layer are bent by 90" to allow heat flow in one-dimension fashion. If j denotes all neighbouring nodes connected to node i and Q denotes the rate of heat addition (external or internal) to the node, the future temperature of node i is determined by [6] 
where R,, = 5 , for conduction and ci = vipc, . 
Results with DC stresses:
Based on eq.(4) for the thermal model in figure 3b and a computer program is subsequently developed to simulate the evolution of temperature distribution in the single film capacitor. The rate of heat, q,, in eq. (4) is calculated from an equivalent circuit model. For numerical examples discussed here, the length of the metallic layer (L,) and side margin are 96mm and 4mm respectively. The thickness of the zinc-spray (D,J and metallic layer (D,) are 2mm and lOnm respectively. The length of the zinc spray is set to the thickness of the polymer film at 7.4pm. The surface resistance of the metallic coating is set to 25Q. Based on the above parameters, the time constant for the equivalent circuit model is about 1.38ps [5] . The charging time is a small fraction of the discrete time step used in the thermal model. Therefore, the initial temperature distribution of the thermal model was an accumulated result of heat generate from the DC charging process. Furthermore, we assume no additional external or internal heat generation in the thermal model during the transient processes. Figure 4 is a plot of the spatial distribution of temperature in metallic layer at different time steps. Initially the peak temperature occurs at the left-hand edge of the metallic layer through which the majority of electric energy is fed into the system. The peak temperature remains in this area during the transient process before the heat transfer process reaching a steady state at approximately t=185s. As a result, the peak average temperature during the entire transient process occurs at the left-hand side of the metallic layer as shown in figure 5 . The localized temperature hotspot for DC film capacitor is at the edge of the metallic layer connected to the zinc-spray. It is interesting to note that the localized temperature hot-spot can be found directly from the accumulated energy calculated from the equivalent circuit model of DC film capacitors. 
4.
When internal breakdown events extinguish in film capacitors, they deposit significant heat onto the capacitor structure. The heat generated depends on the characteristics of the breakdown events and their occurrence frequency. For cases studied here, we assume that the breakdown events result in a uniform temperature rise of 1K across a metallic coating above the ambient temperature of the film capacitor. Spatial dtstribution of temperature in metallic layer at Figure 6 is a plot of the spatial distribution of temperature on the metallic layer at different time steps for the heat generated by the internal breakdown events. The peak temperature now moves toward the right-hand side during the transient process before the heat transfer process reaches the steady state at t=185s. As a result, the peak average temperature accumulated during the entire transient process is at the right-hand side of the metallic layer as shown in figure 7 . It is interesting to note that L,,l mainly depends on the breakdown events. For instance, if breakdowns occur on each metallic layer with the same spatial distribution, L,,, would be equal to the distance between the two adjacent metallic layers. For comparison, the average temperature accumulated for L,,, being between O m m and 40mm is calculated and shown in figure 7 . The results shown that the peak of the localized temperature hot-spot induced by breakdown events is decreased as L,, increases. Nevertheless, the difference between the peak and the lowest temperature becomes larger. It is clear that zinc-spray reacts as a heat sink for heat generated by the extinction of internal breakdown events. More importantly figure 7 also resembles the spatial distribution of broken fuses observed for striped down aged film capacitors. We believe that they are closely correlated and as such one key aging mechanism is the thermal effects of breakdown discharges. This correlation is also found useful to predict the life expectancy of practical film capacitors. 
Conclusion:
An electrothermal model has been developed for metallized film capacitors. Based on a simplified film capacitor model, temperature distribution and localized temperature hot spot have been calculated for different heat generation conditions. It has been established that the localized hot-spots can be found from the accumulated energy for DC film capacitors during the charging processes.
For heat generated by the extinction of internal breakdown event cases, the locations and temperature of hot-spots mainly depend on the features of the zinc spray and breakdown events.
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